INTRODUCTION
============

Autoimmune hepatitis (AIH) is an inflammatory condition of the liver for which there is no effective treatment other than steroid hormones. A certain proportion of AIH patients experience end-stage liver diseases and require liver transplantation ([@b29-molce-42-906]). AIH can occur in people of all ages and sex, and it has recently been recognized as a global disease ([@b17-molce-42-906]). The histopathology of AIH usually presents as interface hepatitis, which features a dense portal mononuclear cell infiltration consisting of lymphocytes, monocytes/macrophages and plasma cells ([@b25-molce-42-906]). Although the administration of corticosteroids or corticosteroids associated with azathioprine is the conventional treatment strategy for AIH, not all patients with AIH respond well to these treatments and patients who do respond to these treatments may experience strong side effects or a relapse after steroid withdrawal ([@b34-molce-42-906]). Thus, there is a need for the development of new immunosuppressive agents or novel alternative treatments for AIH.

Mononuclear cells are the major component of the periportal cellular infiltrates in interface hepatitis associated with AIH, and these cells play an important role in the pathogenesis of AIH ([@b26-molce-42-906]; [@b25-molce-42-906]). Previous studies have indicated that the dysfunction of Kupffer cells and peripheral blood monocyte cells (PBMCs) may be involved in the pathogenesis of AIH ([@b22-molce-42-906]). Cytokines such as interleukin (IL)-1, IL-6, and tumor necrosis factor alpha (TNF-α) from monocytes can contribute to the loss of immune tolerance, promote the differentiation of naïve T lymphocytes into Th17 cells, and induce chronic inflammation in patients with AIH ([@b5-molce-42-906]; [@b26-molce-42-906]). It has been confirmed that higher expression levels of IL-17, ROR-rt, IL-6, and IL-1β in the liver of patients with AIH are associated with severe inflammation and fibrosis in the liver ([@b47-molce-42-906]).

Exosomes are nanometer-sized membrane vesicles (40--100 nm) released from various cell types upon fusion of multivesicular bodies with the cell membrane ([@b32-molce-42-906]). Recently, exosomes have been the topic of great interest in medical research ([@b9-molce-42-906]; [@b10-molce-42-906]). Importantly, numerous experiments have demonstrated exosomes as modulators of inflammation and immunity ([@b33-molce-42-906]). Moreover, several recent studies have confirmed exosomes as key effectors of the paracrine function of bone marrow-derived mesenchymal stem cells (BMSCs) and demonstrated that exosomes derived from bone mesenchymal stem cells (MSC-exosomes) are able to improve recovery in animal models of graft-versus-host disease, drug-induced liver injury ([@b19-molce-42-906]; [@b37-molce-42-906]). Furthermore, MSC-exosomes have been shown to suppress Th17 differentiation and reduce IL-17 secretion in experimental models of autoimmune uveoretinitis ([@b35-molce-42-906]). However, whether MSC-exosomes also contribute to the protection of the liver against AIH remains to be clarified.

Current understanding is that the function of an exosome depends on its contents, for especially microRNAs (miRNAs) ([@b1-molce-42-906]). MiR-223-3p (previously referred to as miR-223 or the guide strand) is the most highly expressed miRNA in both PBMCs and BMSCs. Moreover, miR-223-3p is highly encased in exosomes derived from PBMCs and MSCs ([@b36-molce-42-906]; [@b41-molce-42-906]; [@b40-molce-42-906]). Furthermore, several studies have documented that miR-223-3p can negatively regulate the expression of many inflammatory genes (i.e., STAT3 and IL-6) ([@b6-molce-42-906]; [@b36-molce-42-906]; [@b40-molce-42-906]). Therefore, in the current study, we examined whether exosomes with miR-223-3p from MSCs could attenuate inflammatory and immune responses in an experimental model of AIH.

MATERIALS AND METHODS
=====================

Cell preparation
----------------

MSCs from C57BL/6 mice were purchased from Cyagen Biosciences (China). The identification of phenotypic properties was performed by flow cytometric analysis: CD44 100%, Sca-1 98%, CD29 94.5%, CD31 0.86% and CD117 0.28% ([@b30-molce-42-906]). The differentiation of the cells to osteocytes, adipocytes and chondrocytes was confirmed using classical methods. The same BMSC line was used in all experiments when cells were at the 6th passage. MSCs were cultured in α-MEM (Sigma, USA) containing 10% fetal bovine serum (FBS; Sigma), 100 U/ml penicillin and 0.1 mg/ml streptomycin (Sigma). Murine macrophage RAW264.7 cells were purchased from Sigma-Aldrich (USA; product No. 91062702), and cultured in Dulbeco's Modified Eagle's Media (DMEM; Gibco, USA) containing 10% FBS, 2 mM glutamine (Gibco), 100 U/ml penicillin and 0.1 mg/ml streptomycin. All cells were kept in a humidified incubator at 37°C with 5% CO~2~.

Autoimmune hepatitis induction via hepatic S100 injection
---------------------------------------------------------

Seventy male specific pathogen-free C57BL/6 mice at 5 to 6 weeks were purchased from the Shanghai Laboratory Animal Center (China), and were fed under specific pathogen-free conditions. The animal experiments were approved by the institutional animal committee of Wenzhou Medical University (approval No. wydw2014-0029). Out of the 70 mice, six were randomly chosen for the control group. The hepatic cytosolic S100 fraction from sixteen mice was collected as previously described ([@b7-molce-42-906]; [@b24-molce-42-906]). The S-100 protein was then emulsified with an equal volume of complete Freund's adjuvant (CFA; Sigma). The remaining 48 mice were intraperitoneally injected with this mixture (1 ml per animal) on day 0 and a repeat injection on day 7. Ten mice died in the process of modeling experimental autoimmune hepatitis (EAH). Eight mice were used to evaluate the model of EAH on day 21 by histology and blood biochemistry assay.

MSC-exosomes preparation
------------------------

For the preparation of the exosomes from MSCs, the culture medium of MSCs was replaced with a-MEM medium and incubated for 24 h. The culture medium was collected and briefly centrifuged to eliminate large dead cells and cellular debris via sequential centrifugations with increasing speeds (300*g* for 10 min, 2,000*g* for 10 min, 10,000*g* for 30 min). After the final centrifugation, the supernatant was centrifuged again at 100,000*g* for 70 min to precipitate the exosomes. All centrifugations were performed at 4°C. After ultracentrifugation, the pellet was collected and washed in 50 ml phosphate-buffered saline (PBS) to remove contaminating proteins and then centrifuged again at 100,000*g* for 70 min ([@b38-molce-42-906]). The pellet was then suspended in 200 μl PBS and stored at −80°C until use. Electron microscope and Western blotting analyses (with antibodies against CD63, TSG101, CD9, CD81, and cytochrome c) were employed to identify the MSC-exosomes ([@b27-molce-42-906]) as previously described. The total protein content of exosomes was determined using the Micro-BCA assay (Beyotime Biotechnology, China).

MSC-exosomes^miR-223-3p^ and MSC-exosomes^miR-223-3p(i)^ preparation
--------------------------------------------------------------------

We packaged the lentiviruses that contain the vectors of LentimiRa-GFP-mmu-mir-223 Vector (mm12144; Applied Biological Materials \[Canada; <http://www.abmgood.com>\], pre-miR-223 inserted for miR-223 knockin), pLenti-III-mir-GFP-Blank (m001; Applied Biological Materials, vector for miR-223 knockin control), miRZip-223 anti-miR-223 miRNA construct (MZIP223-PA-1; System Biosciences \[USA; <http://www.systembio.com>\], miR-223 inhibitor inserted for miR-223 knockdown), and pGreenPuro Scramble Hairpin Control--Construct (MZIP000-PA-1; System Biosciences, vector for miR-223 knockdown control), respectively, according to the manufacturer's suggested protocol. Then, we infected MSCs with these lentiviruses, respectively. The expression of green fluorescent protein (GFP) was used to monitor transfection efficiency, and stably transfected cells were selected with puromycin. Exosomes were respectively harvested from MSCs and transfected MSCs to determine the expression levels of miR-223-3p and miR-223-5p via quantitative real-time polymerase chain reaction (qRT-PCR). We defined MSCs and MSC-exosomes overexpressing miR-223-3p as MSCs^miR-223-3p^ and MSC-exosomes^miR-223-3p^. MSCs and MSC-exosomes with miR-223-3p knockdown were defined as MSCs^miR-223-3p(i)^ and MSC-exosomes^miR-223-3p(i)^. MSCs^miR-223-3p-C^°^N^ and MSCs^miR-223-3p(i)-C^°^N^ were negative controls of MSCs^miR-223-3p^ and MSCs^miR-223-3p(i)^, respectively. Similarly, MSC-exosomes^miR-223-3p-C^°^N^ and MSC-exosomes^miR-223-3p(i)-C^°^N^ were negative controls of MSC-exosomes^miR-223-3p^ and MSC-exosomes^miR-223-3p(i)^, respectively.

Cell proliferation assay
------------------------

Cell proliferation was determined using CCK-8 dye (Beyotime Inst Biotech, China) according to the manufacturer's instructions. Briefly, MSCs and transfected MSCs (2 × 10^3^ cells) were seeded in a 96-well plate in 100 μl medium per well, grown at 37°C for 24 h. After 10 μl CCK-8 dye was added to each well, cells were incubated at 37°C for 1 h and the absorbance was finally determined at 450 nm.

Cytotoxicity assay
------------------

Briefly, macrophages (5 × 10^3^ cells) were seeded into a 96-well plate in 100 μl medium per well for 24 h. The cells were then respectively treated with MSC-exosomes, MSC-exosomes^miR-223-3p-C^°^N^, MSC-exosomes^miR-223-3p(i)-C^°^N^, MSC-exosomes^miR-223-3p^, and MSC-exosomes^miR-223-3p(i)^ (2 μg/ml of exosomal proteins) for 24 h. After treatment, the medium was changed to a fresh medium and the CCK-8 reagent (10 μl) was added to each well and incubated for 1 h at 37°C. After incubation, the optical density was measured at 450 nm and the value was compared to that of control cells.

Treatment of macrophages with MSC-exosomes
------------------------------------------

RAW264.7 cells were respectively co-incubated with MSC-exosomes, MSC-exosomes^miR-223-3p^ or MSC-exosomes^miR-223-3p(i)^ (2 μg/ml) in DMEM with antibiotics and without FBS for one hour followed by the addition of lipopolysaccharide (LPS) (250 ng/ml) for 24 h. After treatment, the culture medium was collected for cytokine assays, and the cells were harvested for Western blotting and qRT-PCR.

MSC-exosomes uptake experiments
-------------------------------

For the MSC-exosomes uptake experiments, MSC-exosomes were labelled with the PKH67 Green Fluorescent Cell Linker Kit (Sigma) according to the manufacturer's protocol. Briefly, MSC-exosomes (10 μg) diluted in PBS (100 μl) were added to 2 ml diluent C (Sigma) with 4 μl PKH67 dye and incubated for 4 min. After washing with PBS, the MSC-exosomes were centrifuged at 100,000*g* for 70 min at 4°C to remove unbound dye. The MSC-exosomes pellet was re-suspended in 100 μl PBS ([@b4-molce-42-906]). For uptake experiments, the green fluorescent dye PKH67-labelled exosomes were co-cultured with macrophage RAW264.7 cells for 6 h. The cells were then examined and photographed using a confocal microscope system (Olympus FV1200; Olympus, Japan).

Treatment of mice with experimental autoimmune hepatitis with MSC-exosomes
--------------------------------------------------------------------------

Thirty mice were randomly divided into five AIH groups: model (n = 6), prednisolone & azathioprine (n = 6), MSC-exosomes (n = 6), MSC-exosomes^miR-223-3p^ (n = 6), and MSC-exosomes^miR-223-3p(i)^ (n = 6). The mice in each of these groups were injected with S100/CFA as described in the AIH section above. Another 6 mice were intraperitoneally injected with 1.0 ml physiological saline as the control group (n = 6). Mice in the model group were treated with 200 μl PBS through tail vein injection on days 21 and 35. Mice in the prednisolone & azathioprine group were intraperitoneally given prednisolone (5 mg in 100 μl of PBS per animal) and azathioprine (5 mg in 100 μl of PBS per animal) on days 21, 28, and 35 ([@b23-molce-42-906]). Mice in the MSC-exosomes, MSC-exosomes^miR-223-3p^, and MSC-exosomes^miR-223-3p(i)^ groups were intravenously injected with MSC-exosomes, MSC-exosomes^miR-223-3p^, and MSC-exosomes^miR-223-3p(i)^ respectively (2 μg/g body weight in 200 μl of PBS per animal) on days 21 and 35. All mice were sacrificed on day 42. The liver, the spleen, and blood were collected for further analyses.

miRNA assay
-----------

For the determination of expression of miR-223-3p and miR-223-5p in MSC-exosomes, cells and tissues, the miRcute miRNA isolation kit, the miRcute Plus miRNA First-strand cDNA Synthesis kit and the miRcute Plus miRNA qPCR Detection kit (Tiangen Biotech, China; <http://www.tiangen.com/productShow/t1/3/id/112.html>) were respectively employed to isolate total RNA, synthesize first strand cDNA and perform qRT-PCR according to the manufacturer's protocols. U6 snRNA was used as the internal control. The primers for real-time PCR for miR-223-3p and miR-223-5p were designed by Tiangen Biotech.

Histological staining of the liver
----------------------------------

The liver samples were fixed in 10% neutral formalin and embedded in paraffin. The paraffin blocks were then cut into 4 μm sections and stained with H&E. The experienced liver pathologist blinded to the identity of the tissue samples performed assessment of liver tissues with code. Three sections per liver were examined. The histological scores were evaluated according to the Ishak grading system.

Serum biochemistry assay
------------------------

The serum from mouse blood was isolated by centrifugation at 1,300 rpm for 10 min. The automatic biochemistry analyzer (Abbott Laboratories, USA) was used to evaluate the serum levels of alanine transaminase (ALT) and aspartate transaminase (AST) according to the manufacturer's protocol.

Determination of cytokine concentration
---------------------------------------

The concentration of cytokines in serum or culture medium was measured using an ELISA kit (eBioscience, USA) according to the manufacturer's protocol. Each sample was evaluated three times, and the concentrations of cytokines were determined based on standard curves.

Western blotting
----------------

Protein samples were extracted from MSC-exosomes, cells or tissues according to a previously described protocol ([@b42-molce-42-906]). Equal amounts of protein were subjected to 10% SDS-PAGE and immobilized on PVDF membranes. The membranes were blocked in skimmed milk for 1 h at room temperature and then incubated with different primary antibodies overnight. The source and dilutions of antibodies are as follows: rabbit anti-CD63 (1:500 dilution; Abcam, UK), rabbit anti-CD9 (1:400 dilution; Abcam), rabbit anti-CD81 (1:400 dilution; Abcam), rabbit anti-cytochrome c (1:1,000 dilution; Abcam), rabbit anti-TSG101 (1:400 dilution; Abcam), rabbit anti-p-STAT3 (1:50,000 dilution; Abcam), rabbit anti-STAT3 (1:1,000 dilution; Abcam), and anti-Sema3A (1:1,000 dilution; Abcam). The antibody against GAPDH (1:1,000 dilution; Sigma-Aldrich) was used as an internal control. After incubation with secondary antibodies (goat anti-rabbit antibody, 1:5,000 dilution; Biosharp, USA), the proteins on membranes were visualized by incubation with a chemiluminescent reagent (Millipore Corporation, USA) and exposure on Kodak films.

Flow cytometric analyses of lymphocytes
---------------------------------------

Splenic mononuclear cells were isolated from fresh mouse spleen using lymphocyte separation medium (TBDscience, China). For the analysis of Treg cells, the mononuclear cells were labelled with anti-mouse CD4 antibody conjugated with FITC (eBioscience) and CD25 antibody conjugated with PE (eBioscience) for 30 min, incubated with fixation/permeabilization reagent for 35 min and then stained with anti-mouse Foxp3 antibody conjugated with PE-Cyanine5.5 (eBioscience) for 30 min. For the analysis of Th17 cells, the lymphocytes were stained with anti-mouse CD4 antibody conjugated with FITC, and incubated with a combination of PMA/Ionomycin mixture (eBioscience) and BFA/Monensin mixture (eBioscience) for 4 to 6 h at 37°C, followed by staining with anti-mouse IL-17 antibody conjugated with PE (eBioscience). The stained cells were examined using a BD FACSCalibur platform (BD Bioscience, USA) following the manufacturer's instruction. Flow cytometric data were analyzed using FlowJo software (FlowJo, USA).

RNA isolation and quantitative real-time polymerase chain reaction
------------------------------------------------------------------

Total RNA was isolated with the RNA extraction kit (Aidlab Biotechnologies, China) and the first-strand cDNA was reverse-transcribed with the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) according to the instruction manual. The qRT-PCR was performed at 95°C for 15 min following by 40 cycles of denaturing at 95°C for 10 sec, annealing at different melting temperature (listed in [Supplementary Table S1](#s1-molce-42-906){ref-type="supplementary-material"}) for 32 sec and extending at 72°C for 10 sec. The fluorescence signal was recorded at the end of the annealing step using a real-time fluorescence PCR spectrometer (7500 Real-Time PCR System; ABI, USA). ΔCt depicted the different Ct values of the target gene and GAPDH. It was analyzed with 2^−ΔCt^ as relative contents.

Statistical analysis
--------------------

The data were expressed as the mean ± SD. A one- or two-way ANOVA and an least significant difference test were used to determine the significance between multiple groups. IBM SPSS Statistics 19.0 software (IBM, USA) and GraphPad Prism 5 (GraphPad Software, USA) were used to analyze the statistical differences. *P* \< 0.05 was considered statistically significant.

RESULTS
=======

Identification and characterization of exosomes and miR-223-3p
--------------------------------------------------------------

Exosomes were isolated from MSCs and identified using both transmission electron microscope (TEM) and Western blotting. As shown in [Figure 1A](#f1-molce-42-906){ref-type="fig"}, TEM revealed that exosomes are cup-shaped membrane vesicles of 40 to 100 nm in diameter. Western blot analysis indicated that the exosomes were positive for CD9, CD63, CD81, and TSG101, but negative for cytochrome c as previously reported ([@b27-molce-42-906]). The exosomes with miR-223-3p were further analyzed after transfection of MSCs with lentivirus-encoding pre-miR-223 and lentivirus-encoding anti-miR-223. The expression of GFP was used to monitor the infection efficiency ([Fig. 1B](#f1-molce-42-906){ref-type="fig"}). According to the GFP signal, over 90% of cells were successfully transfected. In order to verify the transfection effect, the expression levels of miR-223-3p and miR-223-5p in exosomes derived from transfected MSCs were determined via qRT-PCR. As shown in [Figure 1C](#f1-molce-42-906){ref-type="fig"}, the level of miR-223-3p was significantly higher in MSC-exosomes^miR-223-3p^ than that in MSC-exosomes^miR-223-3p-C^°^N^, while the expression of miR-223-3p was dramatically down-regulated in MSC-exosomes^miR-223-3p(i)^ when compared to MSC-exosomes^miR-223-3p(i)-C^°^N^. Compared with miR-223-3p, the level of miR-223-5p was not significantly changed in MSC-exosomes^miR-223-3p^ and MSC-exosomes^miR-223-3p(i)^. MiR-223-3p and miR-223-5p could negatively regulate the expression of Stat3 and Sema3A, respectively. To further verify the results of transfection, the expression of Stat3 and Sema3A in transfected MSCs was analyzed via Western blotting. As shown in [Figures 1D and 1E](#f1-molce-42-906){ref-type="fig"}, the results showed that the expression of Stat3 was obviously lower in MSCs^miR-223-3p^ than that in MSCs^miR-223-3p-C^°^N^, while the expression of Stat3 was significantly up-regulated in MSCs^miR-223-3p(i)^ when compared to MSCs^miR-223-3p(i)-C^°^N^. Moreover, Western blot results also showed no significant difference in the expression of Sema3A, the downstream target of miRNA-223-5p, in each group. In summary, based on the above PCR and Western blot results, we found that the expression level of miR-223-3p was significantly changed after transfection of lentivirus containing pre-miR-223 and miR-223 inhibitor, but miR-223-5p was not obviously changed, which may be related to miR-223-3p as the guide strand of miR-223 and the advantage of miR-223-3p expression over miR-223-5p (see the database available at <http://www.mirbase.org/index.shtml>).

To test whether lentivirus, miR-223-3p knockin or knockdown affects the cell characteristics of MSCs, we compared the proliferation characteristic between MSCs and transfected MSCs using the CCK-8 kit. The results suggested no significant difference in the proliferation characteristic of MSCs and transfected MSCs ([Fig. 1F](#f1-molce-42-906){ref-type="fig"}). Moreover, in order to test the effect of lentivirus itself on the MSC-exosomes, we compared the expression levels of miR-223-3p and miR-223-5p between MSC-exosomes and MSC-exosomes which transfected the negative control lentivirus. The results showed that lentivirus itself did not affect the expression of miR-223-3p and miR-223-5p in MSC-exosomes ([Fig. 1G](#f1-molce-42-906){ref-type="fig"}). In addition, by cytotoxicity assay, we found that MSC-exosomes and transfected MSC-exosomes did not affect the viability of macrophages ([Fig. 1H](#f1-molce-42-906){ref-type="fig"}), suggesting that lentivirus and MSC-exosomes may have no significant toxicity on cells.

Attenuation of autoimmune hepatitis in mice by MSC- exosomes and MSC-exosomes^miR-223-3p^
-----------------------------------------------------------------------------------------

AIH was successfully established in mice with the administration of S100/CFA as shown in [Figure 2](#f2-molce-42-906){ref-type="fig"}. In the model group, there was a significant increase in the level of both ALT and AST. In the liver section, there were typical features of interface hepatitis characterized by the infiltration of mononuclear cells in the centrilobular or portal areas as well as intralobular inflammatory lesions and necrosis. However, treatment with either MSC-exosomes or MSC-exosomes^miR-223-3p^ significantly reduced the elevated levels of both ALT and AST ([Fig. 2A](#f2-molce-42-906){ref-type="fig"}), especially with MSC-exosomes^miR-223-3p^, which reduced the level of both ALT and AST to that in the control group and to a similar extent as treatment with prednisolone and azathioprine. Moreover, treatment with MSC-exosomes, MSC-exosomes^miR-223-3p^, as well as prednisolone and azathioprine significantly improved inflammatory lesions and reduced the infiltration of mononuclear cells into the centrilobular or portal regions ([Fig. 2B](#f2-molce-42-906){ref-type="fig"}). In contrast, MSC-exosomes^miR-223-3p(i)^ significantly increased the level of transaminase and inflammatory lesions compared to MSC-exosome treatment, suggesting a role of miR-223-3p carried by MSC-exosomes in attenuating inflammatory responses and liver injury. In addition, the liver sections were assessed by experienced pathology and scored with the Ishak grading system. A significantly higher histological hepatitis score ([Fig. 2C](#f2-molce-42-906){ref-type="fig"}) was found in the model group and MSC-exsomes^miR-223-3p(i)^ group compared with that in the control group. After treatment with MSC-exosomes, MSC-exosomes^miR-223-3p^ or the drugs, the score declined significantly.

[Figures 3](#f3-molce-42-906){ref-type="fig"} and [4](#f4-molce-42-906){ref-type="fig"} show the regulation of inflammatory cytokines and immune regulatory cells in AIH mice with and without exosomes treatment. As shown in [Figure 3](#f3-molce-42-906){ref-type="fig"}, treatment with MSC-exosomes, MSC-exosomes^miR-223-3p^, as well as prednisolone and azathioprine significantly reduced the serum levels of IL-1β, IL-6, and IL-17 but significantly increased the serum level of IL-10 compared to PBS or MSC-exsomes^miR-223-3p(i)^ treatment. Moreover, the mRNA levels of these cytokines in the liver exhibited a similar trend in response to these treatments. Regulation of immune regulatory cells-Treg and Th17-cells is shown in [Figure 4](#f4-molce-42-906){ref-type="fig"}. There was a significant increase in the proportion of Th17 cells in the model mice but not much increase in Treg cells compared with those in the control mice. Both MSC-exosomes and MSC-exosomes^miR-223-3p^ were able to reduce the proportion of Th17 cells and increase the proportion of Treg cells. The same change was observed after the administration of prednisolone and azathioprine. However, MSC-exosomes^miR-223-3p(i)^ significantly increased the proportion of Th17 cells and reduced the proportion of Treg cells compared to MSC-exosome treatment. The ratio of Treg/Th17 is the most important parameter. In the model mice, the ratio was significantly decreased but treatment with MSC-exosomes reverted the ratio to the normal level. Moreover, treatment of MSC-exosomes^miR-223-3p^ or the drugs significantly elevated the ratio. In contrast, MSC-exosomes^miR-223-3p(i)^ treatment remarkably reduced the ratio compared to MSC-exosome treatment.

The mechanism by which MSC-exosomes and MSC-exosomes^miR-223-3p^ modulate immune regulatory cells was further investigated. As shown in [Figure 5](#f5-molce-42-906){ref-type="fig"}, the expression of miR-223-3p was significantly reduced in the livers of model or MSC-exosomes^miR-223-3p(i)^ therapy mice. However, MSC-exosomes or MSC-exosomes^miR-223-3p^ treatment was able to increase the level of miR-223-3p to lower than the normal level. In addition, the expression of STAT3 and p-STAT3 was significantly elevated in the livers of model or MSC-exosomes^miR-223-3p(i)^ therapy mice, but MSC-exosomes and MSC-exosomes^miR-223-3p^ treatments reduced both STAT3 and p-STAT3 levels.

Attenuation of LPS-induced cytokine release from macrophages by exosomes and miR-223-3p
---------------------------------------------------------------------------------------

The macrophage cell line RAW264.7 was employed to validate the effect of MSC-exosomes, MSC-exosomes^miR-223-3p^ and MSC-exosomes^miR-223-3p(i)^ on cytokine release. As shown in [Figure 6A](#f6-molce-42-906){ref-type="fig"}, MSC-exosomes labelled with GFP were internalized into macrophages. Moreover, treatment with both MSC-exosomes and MSC-exosomes^miR-223-3p^ was able to attenuate the LPS-induced increase in IL-1β and IL-6 at both mRNA and protein levels. However, treatment with MSC-exosomes^miR-223-3p(i)^ could not attenuate the elevation of LPS-induced inflammatory cytokines ([Fig. 6B](#f6-molce-42-906){ref-type="fig"}). The mechanism by which exosomes and miR-223-3p affect cytokine release from macrophages was further investigated and depicted in [Figure 7](#f7-molce-42-906){ref-type="fig"}. LPS treatment significantly reduced the miR-223-3p level, while in addition to MSC-exosomes^miR-223-3p(i)^ treatment, treatment with both MSC-exosomes and MSC-exosomes^miR-223-3p^ was able to bring the miR-223-3p level back to normal. Moreover, LPS treatment also significantly increased STAT3 and p-STAT3 levels in macrophages. Treatment with both MSC-exosomes and MSC-exosomes^miR-223-3p^ could reduce the LPS-induced elevation of STAT3 and p-STAT3 in macrophages. However, compared with macrophages treated with LPS, treatment with MSC-exosomes^miR-223-3p(i)^ could not reduce the expression of STAT3 and p-STAT3 at the mRNA and protein levels.

Overall animal health and adverse events
----------------------------------------

There were no differences in overall health issures related to the treatment. At the end of treatment, the body weights of all mice were increased but there was no significant difference between any two groups of mice. Although there was fatty deposition in part of the liver parenchyma and injection site of S100 in CFA, that could be due to the lipid component of the CFA. Moreover, no mice died in any group during treatment. Major adverse events (such as injection site reactions, emboli, proliferation) were not observed after exosomes or steroid treatment.

DISCUSSION
==========

In several models of experimental autoimmune diseases, the administration of MSCs has been documented to suppress inflammation and autoimmunity ([@b20-molce-42-906]). Our previous research demonstrated that transplantation of MSCs was effective in reducing hepatic inflammation in an experimental model of AIH in mice ([@b7-molce-42-906]). Although there are numerous reports describing the efficacy of cell-based therapies for liver diseases ([@b12-molce-42-906]; [@b49-molce-42-906]), exogenous MSCs could distribute to different organs in the body and cause emboli or proliferation ([@b43-molce-42-906]). MSC-exosomes are nano-size particles released from MSCs that have been considered key carriers of paracrine factors from MSCs. Moreover, MSC-exosomes are gaining attention in the treatment of various diseases, because the MSC-exosome-mediated intercellular delivery of bioactive substances affects cellular function ([@b40-molce-42-906]; [@b45-molce-42-906]). [@b37-molce-42-906] demonstrated that MSC-exosomes can promote hepatic regeneration in a drug-induced liver injury model. The application of MSC-exosomes could minimize the potential adverse effects of administering MSCs such as toxicity, immune response, emboli formation, and tumourigenesis, etc. In addition, MSC-exosomes can carry functional molecules such as miRNAs, which can be regulated to enhance the therapeutic benefit of the exosomes ([@b45-molce-42-906]). Our current study shows that MSC-exosomes carrying miR-223-3p could attenuate the development of hepatic S100/CFA-induced AIH in mice.

miRNAs are important intracellular regulatory molecules that are becoming the focus of studies on various diseases, especially in the regulation of immune responses ([@b40-molce-42-906]). [@b21-molce-42-906] demonstrated that the introduction of miR-223-3p can ameliorate alcohol-induced liver injury through the inhibition of IL-6 expression in neutrophils. Furthermore, [@b40-molce-42-906] also found that exosomes derived from MSCs carrying miR-223-3p can reduce the LPS-induced production of IL-6 and IL-1β in macrophages, which is consistent with the findings of our current study. In this experiment, the expression of miR-223-3p in the MSC-exosomes was up-regulated and down-regulated by transfection of lentivirus to verify its function. To date, miR-223-3p has been confirmed to negatively modulate the expression of inflammation-related gene STAT3, which is known to be an important upstream activator of IL-1β and IL-6 ([@b6-molce-42-906]). Both IL-1β and IL-6 have been documented to be involved in AIH ([@b28-molce-42-906]; [@b48-molce-42-906]). In addition, STAT3 has been known to activate RORt and promote the secretion of IL-17 in Th17 cells, which play a crucial role in autoimmune diseases ([@b35-molce-42-906]). In clinical studies, high levels of TNF-α and IL-6 in children with AIH have been found to be related to liver damage, and IL-1β level has also been shown to be closely related to the progression of AIH ([@b28-molce-42-906]; [@b48-molce-42-906]). Moreover, the cytokine IL-6 can promote the differentiation of naïve T lymphocytes into Th17 cells ([@b5-molce-42-906]; [@b8-molce-42-906]) which secrete IL-17 to promote the development of AIH ([@b16-molce-42-906]). Furthermore, the cytokine IL-1β can convert human Treg cells into Th17cells ([@b11-molce-42-906]). Treg cells are a key immune cell population that secretes IL-10 to maintain immune homeostasis and tolerance in the liver ([@b3-molce-42-906]). Several studies have reported that Treg and Th17 cells as well as their secreted IL-10 and IL17 are increased in experimental AIH. More importantly, the Treg/Th17 ratio is significantly reduced in AIH ([@b13-molce-42-906]; [@b18-molce-42-906]; [@b31-molce-42-906]; [@b39-molce-42-906]; [@b47-molce-42-906]). All these reports are consistent with the results of the current investigation, suggesting that altered inflammatory and immune responses occur in AIH. Interestingly, our data show that MSC-exosomes are successfully able to deliver miRNA-223-3p to regulate the expression of IL-1β and IL-6 in the liver and alter the proportions of Treg and Th17 cells in the spleen of mice with hepatic S100/CFA-induced AIH. The reduced ratio of Treg/Th17 was significantly rescued by MSC-exosomes carrying miRNA-223-3p.

Although our data indicate a role of miRNA-223-3p in experimental AIH, there are several limitations in the present study. First, it is possible that the MSC-exosomes can affect other cell types such as endothelial cells in addition to monocytes/macrophages. Moreover, recent investigations indicate that MSC-exosomes injected into mice via the tail vein can be detectable in the liver, the heart, the kidney, the lung and the brain ([@b15-molce-42-906]; [@b46-molce-42-906]). Thus, further studies are warranted to modify exosomes that can specifically target the liver or other organs. One such modification to dendritic cell-derived exosomes has been reported. By modifying dendritic cell-derived exosomes with adhesive molecules, [@b2-molce-42-906] demonstrated that these exosomes can cross the blood-brain barrier and deliver functional siRNA into the mouse brain. Second, because the cellular condition can affect the production and composition of the exosomes ([@b14-molce-42-906]), the production and composition of exosomes may change with different passages of MSCs. For example, [@b44-molce-42-906] showed that MSC-exosomes exposed to ischemic tissues contain high levels of miRNAs (miR-133b). Therefore, further studies are important to identify the molecular constituents of exosomes. Third, we did not collect tissues from other organs (such as the brain and heart) to evaluate organ-specific or systemic toxicities of the treatment with MSC-exosomes. Moreover, the study was conducted in the limited time of observation; the long-term adverse effects of treatment remain to be investigated.

In conclusion, our results demonstrated that administration of MSC-exosomes attenuated liver injury in our experimental model of AIH. The attenuation of liver injury was more pronounced with the administration of MSC-exosomes carrying miRNA-223-3p. The mechanism could be related to the miRNA-223-3p-mediated regulation of STAT3 gene and inflammatory cytokines (IL-1β and IL-6) expression, and elevation of the Treg/Th17 ratio. The findings of the current study provide a novel strategy for the development of a therapeutic method for patients with AIH.
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![Characterizations of exosomes derived from bone mesenchymal stem cells\
(A) The morphology of MSC-exosomes under an electron microscope and proteins expression in exosomes and MSCs. Arrows indicate exosomes as cup-shaped membrane vesicles of 40 to 100 nm in diameter. Western blot analysis indicates that exosomes are positive for CD9, CD63, CD81, and TSG101, but negative for cytochrome c. (B) The transfected cells under a light microscope and a fluorescent microscope at a magnification of ×200. Scale bars = 100 μm. After transfection, MSCs, which transfected successfully, displayed green fluorescence in fluorescent microscope image. (C) The expression levels of miR-223-3p and miR-223-5p in transfected MSC-exosomes. (D and E) The protein levels of Stat3 and Sema3A, the downstream target of miR-223-3p and miR-223-5p respectively, in transfected MSCs via Western blotting. Group 1, MSCs^miR-223-3p^ group; Group 2, MSCs^miR-223-3p-C^°^N^ group; Group 3, MSCs^miR-223-3p(i)^ group; Group 4, MSCs^miR-223-3p(i)-C^°^N^ group. (F) The effect of lentivirus, miR-223-3p knockin or knockdown on the proliferation viability of MSCs. Group 1, MSCs group; Group 2, MSCs^miR-223-3p-C^°^N^ group; Group 3, MSCs^miR-223-3p^ group; Group 4, MSCs^miR-223-3p(i)-C^°^N^ group; Group 5, MSCs^miR-223-3p(i)^ group. The results showed no difference. (G) The effect of lentivirus itself on the expression of miR-223-3p and miR-223-5p in MSC-exosomes. (H) The effect of MSC-exosomes and transfected MSC-exosomes on the viability of macrophages. The results showed no difference. Data are presented as mean ± SD from three independent experiments. \**P* \< 0.05, ^\#^*P* \> 0.05.](molce-42-906f1){#f1-molce-42-906}

![Liver injury in hepatic S100/CFA-induced AIH mice\
The automatic biochemistry analyzer was used to evaluate the serum levels of ALT and AST. (A) The serum levels of ALT and AST in the different groups of mice. Data are presented as mean ± SD from six mice. Group 1, control group; Group 2, model group; Group 3, MSC-exosomes-treated group; Group 4, MSC-exosomes^miR-223-3p^-treated group; Group 5, MSC-exosomes^miR-223-3p(i)^-treated group; Group 6, drug-treated group (the drug is defined as steroids and azathioprine). (B) The typical liver section stained with H&E at a magnification of ×200. Scale bars = 50 μm. Arrows indicate the infiltration of mononuclear cells in the centrilobular as well as intralobular inflammatory lesions and necrosis. Label a, control group; b, model group; c, MSC-exosomes-treated group; d, MSC-exosomes^miR-223-3p^-treated group; e, MSC-exosomes^miR-223-3p(i)^-treated group; f, drug-treated group. (C) The histological scoring of each group according to the Ishak grading system. Three histological sections per animal were examined. Group 1, control group; Group 2, model group; Group 3, MSC-exosomes-treated group; Group 4, MSC-exosomes^miR-223-3p^-treated group; Group 5, MSC-exosomes^miR-223-3p(i)^-treated group; Group 6, drug-treated group. Data are presented as mean ± SD from six mice. \**P* \< 0.05, ^\#^*P* \> 0.05.](molce-42-906f2){#f2-molce-42-906}

![The levels of inflammatory cytokines in mouse serum and liver\
ELISA and qRT-PCR were employed to investigate serum and liver levels of inflammatory cytokines. (A-D) The serum levels of IL-1β, IL-6, IL-17, and IL-10, respectively. (E-H) The liver levels of IL-1β, IL-6, IL-17, and IL-10, respectively. For the liver, the data are expressed as fold changes relative to the control group. All histograms are presented as mean ± SD, n = 6. \**P* \< 0.05, ^\#^*P* \> 0.05. Group 1, control group; Group 2, model group; Group 3, MSC-exosomes-treated group; Group 4, MSC-exosomes^miR-223-3p^-treated group; Group 5, MSC-exosomes^miR-223-3p(i)^-treated group; Group 6, drug-treated group (the drug is defined as steroids and azathioprine).](molce-42-906f3){#f3-molce-42-906}

![Typical flow cytometric plots and different phenotypes of lymphocytes\
Flow cytometry was employed to investigate the differentiation of CD4^+^ lymphocytes. (A and B) The representative flow cytometric plots of CD4^+^CD25^+^Foxp3^+^ Treg and CD4^+^IL-17^+^ Th17 cells, respectively, labelled with the corresponding percentage of CD4^+^ T cells. (C-E) The ratios of Th17/CD4^+^, ratio of Treg/CD4^+^ and ratio of Treg/Th17 respectively. Data are presented as mean ± SD, n = 6. \**P* \< 0.05, ^\#^*P* \> 0.05. Group 1, control group; Group 2, model group; Group 3, MSC-exosomes-treated group; Group 4, MSC-exosomes^miR-223-3p^-treated group; Group 5, MSC-exosomes^miR-223-3p(i)^-treated group; Group 6, drug-treated group.](molce-42-906f4){#f4-molce-42-906}

![Expression of miR-223-3p, p-STAT3, and STAT3 in the livers of different groups of mice\
Western blotting and qRT-PCR were used to analyze the expression of miR-223-3p, p-STAT3 and STAT3 in the livers of mice in each group. For the PCR results, the data are expressed as fold changes relative to the control group. (A) The expression of miR-223-3p in the liver. (B) The expression of STAT3 mRNA in the liver. (C) The typical images of Western blots for p-STAT3, STAT3, and GAPDH. (D) The STAT3 levels normalized to GAPDH in the liver. (E) The p-STAT3 levels normalized to GAPDH in the liver. Group 1, control group; Group 2, model group; Group 3, MSC-exosomes-treated group; Group 4, MSC-exosomes^miR-223-3p^-treated group; Group 5, MSC-exosomes^miR-223-3p(i)^-treated group. Data are presented mean ± SD, n = 6. \**P* \< 0.05, ^\#^*P* \> 0.05.](molce-42-906f5){#f5-molce-42-906}

![Internalization of MSC-exosomes into macrophages and expression of cytokines in macrophages\
(A) Confocal laser-scanning microscopy images of macrophages with internalized green dye-labelled MSC-exosomes (×400 magnification). Scale bars = 20 μm. Macrophages and supernatants were collected for cytokine expression analysis via ELISA and qRT-PCR. For the PCR results, the data are expressed as fold changes relative to the control group. (B) The mRNA and protein levels of IL-1β and IL-6. Labels 'a' and 'c' indicate IL-1β protein in the culture medium and IL-1β mRNA in macrophages, respectively. Labels 'b' and 'd' indicate IL-6 protein in the culture medium and IL-6 mRNA in macrophages, respectively. Data represent the mean ± SD from six independent experiments. \**P* \< 0.05, ^\#^*P* \> 0.05.](molce-42-906f6){#f6-molce-42-906}

![Regulation of gene expression in macrophages by MSC-exosomes\
Western blotting and qRT-PCR were used to analyze the expression of miR-223-3p, p-STAT3 and STAT3 in macrophages in each group. For the PCR results, the data are expressed as fold changes relative to the control group. (A) The expression of miR-223-3p in macrophages in response to different treatments. (B) The STAT3 mRNA levels in macrophages in response to different treatments. (C-E) The protein levels of p-STAT3 and STAT3 in macrophages in response to different treatments. Group 1, control group; Group 2, LPS group; Group 3, LPS+MSC-exosomes group; Group 4, LPS+MSC-exosomes^miR-223-3p^ group; Group 5, LPS+MSC-exosomes^miR-223-3p(i)^ group. Data are presented mean ± SD, n = 6. \**P* \< 0.05, ^\#^*P* \> 0.05.](molce-42-906f7){#f7-molce-42-906}
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